These data provide a basis for developing a new asteroid taxonomy that utilizes more of the information contained in CCD spectra. Here we construct a classification system that builds on the robust framework provided by existing asteroid taxonomies. In particular, we define three major groupings (the S-, C-, and X-complexes) that adhere to the classical definitions of the S-, C-, and X-type asteroids. 
INTRODUCTION
Whenever several members of a large population are studied in detail, there is a natural desire to arrange those individuals into groups based on similarities in their observed characteristics. Differences in color provide a natural basis for developing a classification system for asteroids. The first color measurements for asteroids were reported by Bobrovnikoff (1929) . However, these microphotometric measurements of photographic spectra were neither sufficiently numerous nor precise to illuminate the characteristics of the broader asteroid population. This situation changed in the mid-1950s when UBV photometry was first used to systematically investigate the range of colors for a large sample of asteroids. These observations led Wood and Kuiper (1963) , Chapman et al. (1971) , and others to describe two distinct groups of objects, based on their reflectance properties. Zellner (1973) was one of the first to recognize a bimodal distribution in albedos, leading him to also suggest that asteroids could be divided into two groups: dark "carbonaceous" types and brighter "stony" types.
The foundation for a more rigorous taxonomy was developed in the mid-1970s, after numerous programs were begun to measure the physical properties of asteroids. Combining narrow band spectrophotometry with polarimetric and radiometric albedo measurements, Chapman et al. (1975) proposed the first taxonomic nomenclature based on a system of letters: C representing the dark carbonaceous objects, S for the stony or "silicaceous" objects, and U for those asteroids not fitting into either of these two main categories. In the years that followed, improvements in instrumentation and observing techniques, a substantial growth in the size of asteroid databases, and the availability of different classification algorithms all helped to inspire many researchers to try to improve the system by which asteroids are classified. The early history of asteroid taxonomy has been thoroughly reviewed, first by Bowell et al. (1978) and more recently by Tholen and Barucci (1989) .
The most widely used of the various asteroid taxonomies is that proposed by Tholen (1984) . The Tholen taxonomy was a logical extension of previous systems (Chapman et al. 1975 , Bowell et al. 1978 . It was developed primarily using broad band spectrophotometric colors obtained during the Eight-Color Asteroid Survey (ECAS, Zellner et al. 1985) , though measurements of albedo were also included in defining some of the class boundaries. The Tholen taxonomy comprises 14 classes, each denoted by a single letter. In addition to the two classical, and most densely populated spectral classes, the C-and S-types, Tholen identified six other spectrally distinct groups of objects, labeling them A, B, D, F, G, and T. Three more classes, identified by the letters E, M, and P, are spectrally featureless at the resolution of the ECAS data and could only be separated based on their albedos. When albedo information was not available, the E-, M-, and P-types were lumped into a generic X-class. Finally, three classes, denoted by Q, R, and V, were created for three spectrally unusual objects: 1862 Apollo (Q-type), 349 Dembowska (R-type), and 4 Vesta (V-type). Most of the ECAS asteroids were uniquely classified and grouped into one of these 14 taxonomic classes, though when the classification was uncertain, multiple letter designations were assigned. While subsequent attempts have been made to extend the Tholen taxonomy (e.g., Chapman 1987 , unpublished manuscript, Barucci et al. 1987 , and Howell et al. 1994 , the Tholen system has remained the standard for classifying asteroids.
Since the time of the Eight-Color Asteroid Survey (Zellner et al. 1985) , high throughput long-slit spectrographs employing charge-coupled devices (CCDs) have become widely used in measuring the visible spectra of asteroids. The largest set of asteroid spectra currently available comes from the Small Mainbelt Asteroid Spectroscopic Survey that was initiated at MIT in 1991 Xu 1993, Xu et al. 1995) . The second phase of this program, referred to as SMASSII (Bus and Binzel 2002, Binzel et al. 2002, in preparation) , has produced an internally consistent data set that includes spectra for 1447 asteroids, where the observations and reductions were carried out in the most uniform manner possible.
Our original goal in classifying the SMASSII asteroids was to accurately assign a spectral type to each object, based on the Tholen taxonomy. To classify a new asteroid in the Tholen system, it is necessary to find the three asteroids in the ECAS data set that are spectrally most similar (nearest neighbors) to the new object. The new asteroid is then assigned the spectral class of its nearest neighbor, with the class designations of the second and third nearest neighbors being added, in succession, if these are different from the first designation (Tholen and Barucci 1989) . However, there are significant differences between the SMASSII and ECAS data sets. In particular, the SMASSII spectra cover a narrower wavelength range than that sampled by the ECAS observations, with only four of the eight ECAS filter bandpasses falling within the SMASSII spectral interval (0.44-0.92 µm). As a result, we could not classify the SMASSII asteroids using all of the ECAS colors in the way that Tholen had intended. This raised important questions about how to classify asteroids based on CCD spectroscopy. If the spectral characteristics necessary for differentiating the Tholen classes are present over the wavelength interval covered by the CCD spectra, then it should be possible to tie the Tholen taxonomy to those spectra by obtaining CCD observations of enough representative ECAS asteroids. On the other hand, higher resolution CCD spectra reveal subtle details, especially shallow absorption features (e.g., Vilas et al. 1993 , Hiroi et al. 1996 , which are not always resolvable in the broad band ECAS measurements. After careful consideration, we decided to explore new options for classifying asteroids. The goal of this work is to define a taxonomy that takes fullest advantage of the information contained in the CCD spectra.
DERIVATION OF THE SMASSII FEATURE-BASED TAXONOMY
The decision to reexamine (and to propose an evolution in) the structure of asteroid taxonomy was made cautiously. The taxonomic system developed by Tholen has been in use for over a decade, and is well established within the asteroid science community. It was only as the analysis of the SMASSII data progressed that problems in reconciling the SMASSII spectral results with the Tholen taxonomy became apparent. While it is possible to force the SMASSII data to fit within the taxonomic classes defined by Tholen, doing so might be considered a disservice to the information contained in the SMASSII spectra, and to asteroid science in general, by propagating a classification system that will eventually have to evolve to accommodate the higher resolution asteroid spectra available today.
Before proceeding with the development of a new taxonomy, it is important to define a set of fundamental goals that can direct how the classification is carried out and how the taxonomy should be structured. We chose the following criteria on which to base this new classification system: (1) It should utilize the established framework of the Tholen taxonomy (Tholen 1984) , thus maintaining the overall structure and spirit of asteroid taxonomy that has evolved over time through the works of Zellner, Chapman, Tholen, and others. ( 2) It should be based only on spectral (absorption) features, as these are the most reliable indicators of an asteroid's underlying composition. Ultimately, taxonomy should provide some indication of an asteroid's composition, but we emphasize that taxonomy does not necessarily equate to mineralogy. Any inferences between taxonomy and mineralogy must be carefully weighed. (3) It must account for the apparent continuum between spectral classes found within the SMASSII data (Bus and Binzel 2002, Binzel et al. 2002, in preparation) . (4) It should be defined based on an intelligent use of multivariate analysis techniques. Not all features in a spectrum can (or should) be weighed equally, nor can any one numerical technique properly parameterize all of the information contained in each of the various spectral features. Thus, visual inspection of the data, and the ability to make human judgments about the classification of objects, based on specific rules, must be allowed.
(5) The sizes (scale lengths) and boundaries of the taxonomic classes should correspond to natural groupings found among the asteroids whenever possible. Spectral similarities seen among members of dynamical asteroid families provide a measure for how large the taxonomic classes should be. (6) Once defined, this new classification scheme should be easy to use and applicable by others.
The development of this feature-based taxonomy takes advantage of several strengths inherent in the SMASSII observations. The most significant aspect of the SMASSII survey is its size. The spectra for 1447 different asteroids are included in this study, over three times the number used by Tholen in the formulation of his taxonomy (405 asteroids with high quality spectrophotometry, Tholen 1984) . Of these 1447 asteroids, 1341 are presented in a companion paper (Bus and Binzel 2002) . We also include results for 106 near-Earth asteroids observed as part of the SMASSII survey, where these data are presented in Binzel et al. (2002, in preparation) . Internal consistency within the data set (like that described by Zellner et al. 1985 and Bus and Binzel 2002 ) is arguably even more important than sample size for creating a taxonomy. The sections below describe the development of this taxonomy, originally set forth in Bus (1999) . Many additional details and insights into this work may be found therein.
Separating the Three Spectral Complexes
In developing this taxonomy, we use the slope values and principal component scores that were computed for the SMASSII data by Bus and Binzel (2002) . The decision to utilize principal component analysis (PCA) was based on our desire to remain as compatible as possible with the Tholen taxonomy, the development of which was partially based on this technique. The analysis of Bus and Binzel (2002) produced three spectral components. The first is the spectral slope, defined by fitting a line to each spectrum according to the equation
where r i is the relative reflectance at each channel, λ i is the wavelength of the channel in microns, and γ (the spectral component "Slope") is the slope of the line, forced to have the value of unity at 0.55 µm. After each spectrum was normalized (divided) by its fitted slope function, PCA was applied to derive two additional components, PC2 and PC3 . Component PC2 is sensitive to the presence (and strength) of a 1-µm absorption band, where more negative values of PC2 correspond to deeper 1-µm bands. PC3 is sensitive to higher order variations in the spectra and is most useful in isolating objects whose spectra contain either a UV absorption band shortward of 0.55 µm or a broad 0.7-µm absorption feature associated with the presence of phyllosilicates. As was demonstrated by Bus and Binzel (2002) (see their Figs. 3 and 6), plots of the first two spectral components consistently reveal two distinct groupings of asteroids. This bimodal distribution in reflectance properties has long been recognized from measurements of both broad band colors (Chapman et al. 1971 ) and albedos (Zellner 1973 , Morrison 1974 ) and led to the initial taxonomic assignments for C-and S-type asteroids. With the introduction of narrow band spectrophotometry, and now CCD spectroscopy, our understanding of the spectral characteristics that underlie this bimodal distribution has become more refined. Over the visible-wavelength interval from 0.4 to 1.0 µm, the spectra of "S-type" asteroids are generally described as having a moderate to strong positive slope shortward of 0.7 µm (the "UV slope"). Longward of 0.7 µm, these spectra range from being flat to having a deep silicate absorption feature that is centered at roughly 1 µm. By comparison, the "C-type" asteroids have spectra that tend to be more neutral in color and have absorption features that are relatively shallow, if present at all.
Introduction of the E-and M-classes by Bowell et al. (1978) provided the basis for establishing a third major group of asteroids, referred to as "X-types" (Tholen 1984) . The spectra of these asteroids range from slightly to moderately red in color and any absorption features that may be present are usually very subtle. In spectral component space, the X-types plot in a region adjoining both the C-and S-types. While the division between the Xand S-types is relatively well defined in this component space, there is no natural boundary separating the X-and C-classes. Only when albedo measurements are included does a boundary between the X-and C-classes begin to emerge (C-type asteroids have low albedos, while a wide range of albedos are observed among the X-type asteroids). Even though we do not include albedo as a factor in our taxonomy, we believe that maintaining this historic separation between the C-and X-classes will help promote future efforts to untangle the relationships between the subtle spectral features and albedos observed among the X-type asteroids.
To preserve the large-scale structure of previous asteroid taxonomies, the classical definitions for the S-, C-, and X-classes have been adopted as the foundation for this feature-based taxonomy. These three major groupings ("complexes") are not in themselves the final product of our taxonomy, but rather provide the foundation on which further divisions in the classification process are made. Therefore, the separation of these three complexes is a critical first step in the development of this new classification system. Due to the intermediate location of the X-complex between the C-and S-complexes in spectral component space, the approach used to determine the boundaries dividing the three complexes was straightforward. To ensure a high level of consistency with earlier taxonomies, we relied on those asteroids observed during the SMASSII survey that had been previously classified by Tholen (1984) , Barucci et al. (1987 ), or Howell et al. (1994 . There are over 100 SMASSII asteroids that were at least partially identified as X-types in one or more of these previous taxonomies (including any asteroid for which the class assignment of X, E, M, or P was used either as a single-letter or multiple-letter designation). Based on these objects, we determined those spectral characteristics that are most consistent with X-types (described in detail in a following section) and identified all of the SMASSII FIG. 1. Plot of the first two spectral components (Slope and PC2 ) for 1443 SMASSII asteroids. Approximate boundaries are depicted for the C-, S-, and X-complexes. The S-complex plots as a radially symmetric cloud of points that is relatively well separated from the X-complex. By comparison, there is no natural boundary separating the C-and X-complexes.
asteroids that share those particular characteristics. By establishing this range for the X-complex in spectral component space, approximate boundaries were drawn that separate the C-, X-, and S-complexes, as shown in Fig. 1 .
Description of Outlying Spectral Classes: T, D, Ld, O, and V
A significant number of the SMASSII asteroids have spectral characteristics that lie outside of the nominal ranges defined for the C-, X-, and S-complexes. These objects plot around the periphery of component space, mostly clustering in two distinct regions. The first of these regions is well separated from the three main complexes and occupies the lower left-hand corner of the primary component plane defined by PC2 and Slope, as shown in Fig. 2 . The second region of outliers is more closely associated with both the S-and X-complexes, lying in the upper right-hand corner of this spectral component plane, though the spectra of these objects clearly do not fit within the classical definitions of either the S-or X-types. Of the 1447 asteroids contained in the SMASSII database, only 1443 are included in this study. The four remaining objects (3908, 5646, 7888, and 8566) are all near-Earth asteroids and have spectral characteristics so unusual that they are not plotted in Fig. 2 and are not being considered in the present development of this taxonomy.
The first three spectral classes to be defined, the T-, D-, and Ld-types, include those outlying asteroids that plot in the upper right-hand corner of Fig. 2 . The spectra of these asteroids have moderate to very steep UV slopes shortward of 0.75 µm, but the spectral slope longward of 0.75 µm often becomes less steep, as further described in Fig. 3 . Both the D-and T-classes had been recognized by Tholen (1984) and were incorporated into the taxonomies of Barucci et al. (1987) and Howell et al. (1994) . Using the mean broad band colors calculated by Tholen for the D-and T-classes, and the scatter in spectral component space of those SMASSII asteroids previously classified as D-or T-types (Tholen 1984 , Barucci et al. 1987 , Howell et al. 1994 , boundaries for these two classes were determined. In spectral component space, the D-and T-classes plot side-by-side, separated by a Slope value of ∼0.72.
The remaining outliers plot on the far right-hand side of this component plane and are classified as Ld-types. The spectra of these asteroids have very steep UV slopes, becoming approximately flat longward of 0.75 µm. This spectral type was essentially unsampled in the ECAS survey, with only 1 of the 13 SMASSII asteroids assigned to this class being previously classified (234 Barbara, classified as an S-type by Tholen 1984 , and as an S0-type by Barucci et al. 1987) . The designation "Ld" was selected to reflect the fact that these objects have spectra similar to those of the L-types (discussed in the next section), but with much steeper UV slopes, like the D-types.
The outlying objects located in the lower left-hand portion of Fig. 2 are divided into two spectral classes: the O-and V-types. The spectra of these objects have the common characteristic of a very deep 1-µm silicate absorption band, where the relative reflectance at the band minimum drops to values of 0.8 or less. Among these objects, however, the UV slopes shortward of 0.7 µm can range from being very shallow to extremely red, as described in Fig. 4 .
The O-class was defined by based on the unusual spectral properties of the asteroid 3628 Boznemcova. From comparisons with meteorite data, Binzel et al. found the spectrum of Boznemcova to be most consistent with that of L6 and LL6 ordinary chondrites and suggested that this mainbelt asteroid may represent a possible link to ordinary chondrite meteorites found on Earth. Three other asteroids observed FIG. 3 . Examples of spectra contained in the T-, D-, and Ld-classes. The spectra of individual asteroids are plotted in the left column. On the right, the mean reflectance spectrum for each class is plotted (solid line) along with the 1-σ envelope determined from the variance in each wavelength channel (dashed lines). The spectrum of asteroid 96 Aegle is shown as a typical example of the T-class. This spectrum contains a moderately steep red slope (commonly referred to as the UV slope) shortward of 0.7 µm (labeled a). The slope of this spectrum gradually decreases longward of 0.75 µm until it becomes essentially flat (b) with a relative reflectance of about 1.15 longward of 0.85 µm. The spectra of two asteroids (1542 Schalen and 4744 1988RF5) are plotted to represent the D-class. D-type spectra are relatively featureless, exhibiting a very steep red slope across the visible spectrum, though sometimes a decrease in the spectral slope is observed longward of 0.8 µm as seen in the spectrum of 4744 (c). The Ld-type spectra of 1332 Marconia and 4917 Yurilvovia exhibit a very steep UV slope, shortward of 0.7 µm (d). Longward of 0.75 µm, these spectra become essentially flat (e), with a relative reflectance of roughly 1.3. The spectra of Ld-type asteroids are often steeper over the interval from 0.44 to 0.7 µm and become much flatter longward of 0.75 µm than is typical for D-type asteroids.
FIG. 4.
Examples of spectra contained in the V-and O-classes, presented in the same format as in Fig. 3 . The spectra of 4 Vesta, 1929 Kollaa, and 4977 Rauthgundis are representative of the V-class. These spectra contain a UV slope that ranges from moderately steep, as in the case of 4 Vesta (a), to extremely steep. All V-type spectra contain a deep silicate absorption band that reaches a minimum relative reflectance from 0.7 to 0.8, with the band minimum often centered just longward of 0.9 µm (b). In the spectrum of 1929, the UV slope is much steeper, resulting in a reflectance maximum that is very sharply peaked (c). A weak absorption feature (Vilas et al. 2000) is occasionally seen centered around 0.52 µm, as marked in the spectrum of 4977 (d). The range in spectral maxima and 1-µm band depths included in the V-class is reflected in the size of the 1-σ envelope plotted with the mean V-type spectrum in the right-hand column, consistent with the dispersion of V-types in spectral component space shown in Fig. 2 . The O-type spectrum of 3628 Boznemcova contains a moderately red slope from 0.44 to 0.54 µm, followed by a generally linear, but much shallower spectral slope that reaches a maximum relative reflectance of about 1.05 at 0.75 µm (e). Longward of 0.75 µm, the spectrum of Boznemcova shows a very deep silicate absorption feature with a minimum that is centered longward of 0.92 µm (f ). The relatively narrow 1-σ envelope plotted with the mean O-type spectrum demonstrates the degree of spectral similarity among the four identified members within this rare class.
during the SMASSII survey (the near-Earth objects 4341 Poseiden, 5143 Heracles, and 1997 RT) have spectral properties similar to those of Boznemcova, though the 1-µm band is not as deep for these three objects as it is for Boznemcova.
The V-class was first proposed by Tholen (1984) to describe the unusual spectral properties of the asteroid 4 Vesta. McCord et al. (1970) was the first to note that the visible-wavelength reflectance spectrum of Vesta is similar to the spectra of basaltic achondrite (HED) meteorites. During the SMASSI survey, identified over 20 asteroids that are not only spectrally similar to Vesta, but also have orbital semimajor axes, eccentricities, and inclinations similar to those of Vesta. This clustering of V-type asteroids in orbital parameter space not only helps confirm the existence of a suspected dynamical family (Williams 1979 , Zappala et al. 1990 ), but also because of this cluster's extension to both secular (ν 6 ) and mean-motion (3 : 1) resonances, it indicates possible pathways for delivering HED meteorites to Earth (Wisdom 1983, Greenberg and Chapman 1983) . In classifying the "Vesta chips," Binzel and Xu divided the spectral class, designating those objects with particularly deep 1-µm bands as J-types ("J" for Johnstown diogenite).
Observations of asteroids in the Vesta zone were continued throughout the SMASSII survey, with over 30 additional V-type asteroids being added to the total known. The dispersion of these objects in the component space plotted in Fig. 2 is quite large, consistent with the range in spectral variation observed among these objects. Even so, a decision was made not to adopt the division between the V-and J-classes, but rather, to include all members of this group in a single V-class. To be consistent with this feature-based taxonomy, any future subdivision of this spectral space should be labeled as subclasses of the V-types (for example, a Vj-class to denote those objects with the deepest 1-µm bands).
The S-Complex Part I, "End Members": A, K, L, Q, and R
All of the asteroids contained in the S-complex share the common spectral characteristic of a moderate to steep UV slope that extends from the ultraviolet end of the visible spectrum to about 0.70 µm, usually reaching a maximum reflectance between 0.72 and 0.76 µm. Longward of this peak (out to the limit of our observations at 0.92 µm), these spectra range from being approximately flat to having a very steep drop in reflectance associated with a deep 1-µm silicate absorption band. In the component space defined by Slope, PC2 , and PC3 , the S-complex is represented by a triaxially symmetric, centrally condensed cloud of points. This suggests that the variations observed in the UV slope and 1-µm band depth are best treated as a continuous distribution when dividing this complex into spectral classes.
The task of dividing the S-complex into smaller spectral classes was accomplished by targeting objects that appear to be "end members" around the perimeter of the complex, and working inward. Care was taken to preserve those taxonomic classes that had been previously defined. In particular, three classes identified in the Tholen taxonomy (the A-, Q-, and R-types) plot along the lower perimeter of the S-complex as projected in the component plane shown in Fig. 5 . The spectra of these objects contain moderate to very deep 1-µm absorption features, consistent with their lower (more negative) values of component PC2 . What differentiates these asteroids from others in the bottom half of the S-complex is subtle variations in the shape and width of the reflectance peak, and to a smaller extent, in the shape of the 1-µm band over the wavelength range sampled, as shown in Fig. 6 .
During the SMASSII survey, we reobserved five asteroids that were unambiguously identified by Tholen as A-types and used these to define the limits of the A-class in our feature-based taxonomy. The dispersion of the A-class in component space (Fig. 5) is consistent with the spectral variations seen among the various A-type asteroids described in Fig. 6 . The SMASSII observations reveal two distinct spectral forms associated with the A-class. The first of these has a reflectance maximum that is sharply peaked, and a 1-µm band that is particularly rounded, examples of which are 289 Nenetta and 863 Benkoela. The other form has a reflectance peak that is broader, and a 1-µm feature that shows little or no upward curvature out to 0.92 µm, with 246 Asporina being an example. Relying on these spectral characteristics, a total of 17 SMASSII asteroids were identified as belonging to the A-class.
SMASSII observations were also obtained for the two asteroids defining the R-and Q-classes in the Tholen taxonomy (349 Dembowska and the near-Earth asteroid 1862 Apollo, respectively). As described in Fig. 6 , the spectrum of Dembowska contains a reflectance maximum that is more sharply peaked than is commonly seen among S-type asteroids. The shape of this maximum is also somewhat skewed due to a steep drop-off of the 1-µm absorption band. Three new asteroids (1904 Massevitch, 2371 Dimitrov, and 5111 Jacliff) have been identified in the SMASSII data as having spectral characteristics very similar to FIG. 6. Examples of spectra contained in the A-, R-, and Q-classes, presented in the same format as Fig. 3 . Spectra for three A-types (246 Asporina, 289 Nenetta, and 863 Benkoela) are plotted, showing the range of spectral diversity within this class. All three spectra contain a very steep UV slope shortward of 0.75 µm, reaching a maximum relative reflectance of about 1.3. The shape of the reflectance maximum in the 246 Asporina spectrum is fairly broad (a), while that in the spectrum of 863 Benkoela is more sharply peaked. Possibly related, the shape of the 1-µm absorption band in the Benkoela spectrum (b) shows definite concave-up curvature, implying that a local minimum within the absorption band has been reached. By comparison, the 1-µm feature in the spectrum of 246 Asporina (b) shows no concave-up curvature, implying that the band minimum is longward of 0.92 µm. A subtle absorption feature centered near 0.63 µm, described by both King and Ridley (1987) and Sunshine et al. (1998) , is visible in the spectrum of 289 Nenetta (c). The width of the 1-σ envelope, plotted with the mean A-type spectrum in the right-hand column, is indicative of the range in reflectance maxima and 1-µm band depths included in this class and is consistent with the dispersion of A-types in spectral component space shown in Fig. 5 . The spectrum of 349 Dembowska is plotted as the prototype for the R-class. This spectrum contains a steep UV slope shortward of 0.7 µm, and a deep 1-µm silicate absorption band. The spectral peak at 0.75 µm is sharply defined and somewhat skewed (d) due to the steep fall-off in reflectance between this peak those of 349 Dembowska and have been classified as R-types. The spectrum of 1862 Apollo contains a reflectance maximum (centered at roughly 0.71 µm) that is noticeably broader, and more rounded, than is typical for S-type asteroids. Similarly, the 1-µm band in the Apollo spectrum is very rounded. Several other near-Earth asteroids have been identified in the SMASSII data with spectral properties similar to that of 1862 Apollo (Binzel et al. 1996 (Binzel et al. , 2002 , but at present, no asteroids in the main belt have been identified with spectral characteristics sufficiently close to those of Apollo to be included in this Q-class.
Asteroids plotting in the upper portion of the S-complex (Fig. 5 ) have spectra in which the 1-µm band tends to be shallow. In particular, those asteroids located on the upper perimeter of this complex have 1-µm features that show essentially no concave-up curvature in the absorption band and are often nearly flat over the interval longward of 0.75 µm (see Fig. 7 ). While several asteroids having this spectral form were measured during ECAS, within the Tholen taxonomy these objects were assigned to the S-class and have traditionally been referred to as "featureless" S-types.
Based on a 0.8-to 2.5-µm spectrophotometric study of Eos family objects in which he found the 1-µm silicate absorption feature to be particularly shallow, and the 2-µm band to be essentially absent, Bell (1988) proposed that a K-class be added to asteroid taxonomy. Tedesco et al. (1989) also defined a Kclass based on their three-parameter taxonomy but included additional objects in the class that are not associated with the Eos family. SMASSII observations of several Eos family members were used in defining the boundary of the K-class in our featurebased taxonomy. We have identified 31 asteroids as belonging to the K-class, though only about half of these are members of the Eos family.
Principal component analysis of the combined ECAS and 52-color survey data led Burbine (1991) to identify two S-type asteroids, 387 Aquitania and 980 Anacostia, that have an unusual near-IR spectrum when compared with those of typical S-types (Gaffey et al. 1990 (Gaffey et al. , 1993 . Britt and Lebofsky (1992) also noted the unusual spectral characteristics of these two asteroids. Over the visible wavelengths, 387 Aquitania and 980 Anacostia have spectra that are generally similar to those of K-types, though the UV slope is considerably steeper than for the average K-type asteroid. In SMASSII, we have identified 35 such asteroids, leading us to propose a new class of objects, the "L-types." The letter L was chosen to stress the apparent spectral continuum that and the silicate absorption that reaches minimum reflectance at roughly 0.9 µm (e). The relatively narrow 1-σ envelope plotted with the mean R-type spectrum demonstrates the high degree of similarity among the four identified members within this rare class. The Q-class is represented by the spectrum of 1862 Apollo. This spectrum contains a moderately steep UV slope shortward of 0.7 µm and a very broad, rounded peak (f ) that reaches a maximum relative reflectance of about 1.15. The portion of the 1-µm absorption band that is visible (g) indicates this band to be broader or more rounded in shape than is normally found in the spectra of similar S-type asteroids.
FIG. 7.
Examples of spectra contained in the K-and L-classes, presented in the same format as in Fig. 3 . The spectra of 599 Luisa and 1148 Rarahu are plotted to show the range of characteristics defining the K-class, both within (1148) and unrelated (599) to the Eos family. These spectra contain a moderately steep UV slope shortward of 0.75 µm (a), and a very shallow 1-µm band that shows no perceptible concave-up curvature (b) such as that normally seen in the spectra of S-type asteroids. The transition between the UV slope and 1-µm feature occurs very gradually, giving the spectrum a somewhat rounded appearance. The L-class is represented by the spectra of 611 Valeria and 2354 Lavrov. L-type spectra contain a moderate to very steep UV slope shortward of 0.75 µm (c) and become generally flat longward of 0.75 µm, showing little or no concave-up curvature in the 1-µm feature (d). As in the K-types, the transition between the UV slope and the 1-µm feature occurs very gradually.
these asteroids form in conjunction with both the K-and S-type asteroids. In the SMASSII spectral component space, the separation between the K-and L-classes occurs at a slope of about 0.60. Examples of both K-and L-type spectra are described in Fig. 7 .
The S-Complex Part II, "The Core": S, Sa, Sk, Sl, Sq, and Sr
Once the A-, K-, L-, Q-, and R-types had been identified among the SMASSII asteroids, these individuals were removed from further consideration in the classification process. This left the inner core of the S-complex, consisting of 614 objects, still to be classified. While the asteroids contained in this core share the common S-type spectral characteristics of a UV slope and 1-µm absorption band, there is considerable variation in the strengths of these features, with many having spectral characteristics approaching those of the endmember classes (the A-, K-, L-, Q-, and R-types). Due to this spectral continuum between the average S-type asteroids and each of the endmember types, it seemed reasonable to subdivide the core of the S-complex in a radial fashion, identifying those objects whose spectra are intermediate between the average S-type and the average A-, K-, L-, Q-, or R-type asteroids. Rather than relying on spectral components as a means of identifying these spectrally intermediate objects, a more analytical approach was used that is based on the calculated distances, or dissimilarities, between individual spectra and mean (benchmark) spectra representing the endmember classes. For this purpose, the dissimilarity is defined as the Euclidean distance,
where d i j is the distance between the ith and jth spectrum, and X represents the individual channels making up the spectrum, where the total number of channels is p. In Table I , the mean reflectance values are listed for all asteroids contained in each of the A-, K-, L-, Q-, and R-classes. Also listed is the mean spectrum for the "core" of the S-complex, which was calculated based on the 614 members of the complex that had not already been classified as A-, K-, L-, Q-, or R-types. Examining the distribution of dissimilarities for all 614 asteroids with respect to the mean core spectrum (denoted by d s ), we find that 1σ (68%) of these asteroids have dissimilarities d s ≤ 0.25. Using this 1-σ definition, any asteroid in the S-complex with a value of d s ≤ 0.25 was classified as an Stype (with no subscript) in our feature-based taxonomy. For the remaining unclassified asteroids with values of d s > 0.25, the classification of each object was determined from the set of dis-
that were calculated with respect to the mean A-, K-, L-, Q-, and R-type spectra listed in Table I . By identifying the smallest of these five dissimilarities (finding the minimum value contained in the set
we assign each of the remaining asteroids to one of five spectral classes, the Sa-, Sk-, Sl-, Sq-, and Sr-classes. For example, those asteroids in the core of the S-complex for which d s > 0.25, and for which
, were assigned to the Sa-class. Sample spectra from the S-, Sa-, Sk-, Sl-, Sq-, and Sr-classes are plotted in Fig. 8 . Figure 5 shows the distribution in component space of all spectral classes making up the S-complex. In addition to showing members of the A-, K-, L-, Q-, and R-classes around the perimeter of this distribution, the relative locations of asteroids belonging to the Sa-, Sk-, Sl-, Sq-, and Sr-classes are also shown. In this plot, those asteroids classified as Sa-types occupy the region between the S-types and the A-types. This results from the fact that the dissimilarities between average S-type asteroid spectra and A-type spectra are relatively large. This translates to a significant gap of component space between the positions of A-type asteroids and the center of the S-type distribution that can be allocated to the Sa-class. Similarly, the R-and Q-type asteroids plot relatively far from the center of the S-type distribution, so that the Sr-and Sq-type asteroids plot in intermediate locations on this component plane.
FIG. 8.
Examples of spectra contained in the S-, Sk-, Sq-, Sr, Sa, and Sl-classes, presented in the same format as Fig. 3 . Plotted are the spectra of 5 Astraea (S), 3 Juno (Sk), 33 Polyhymnia (Sq), 2956 Yeomans (Sr), 1667 Pels (Sa), and 169 Zelia (Sl), showing the range of characteristics found within the core of the S-complex. At the center of this core are the S-type asteroids, such as 5 Astraea. The spectrum of Astraea contains a moderately steep UV slope shortward of 0.7 µm (a), and a moderately deep 1-µm silicate absorption band that exhibits a concave-up curvature, with a local minimum centered near 0.9 µm (b). Trends in UV slope and 1-µm band depth noted in Fig. 5 are demonstrated here, with the Sl-, Sa-, and Sr-class spectra containing steeper UV slopes than the Sk-and Sq-type spectra. Similarly, the Sk-and Sl-class asteroids have the shallowest 1-µm bands, while Sr-type asteroids exhibit the deepest 1-µm band depth. Over the range of the UV slope shortward of 0.7 µm, the interval from 0.44 to 0.55 µm is often slightly steeper than the interval from 0.55 to 0.7 µm,
The case for the Sk-and Sl-classes, and their relationships to the K-and L-classes in spectral component space is somewhat different. The UV slopes (and correspondingly, the average spectral slopes) for asteroids in both the K-and L-classes are not significantly different from those of the S-class asteroids. The primary characteristic distinguishing the K-and L-types from the S-class is the absence of any significant concave-up curvature in the 1-µm band. Correspondingly, the magnitudes of the dissimilarities separating the K-and L-types from the average S-class asteroids are relatively small. As a result, the K-and L-classes plot immediately adjacent to the S-types in spectral component space, leaving the Sk-and Sl-types to plot on the perimeter of the distribution shown in Fig. 5 . The Sk-class represents a transition not only between the K-and S-classes, but also to the Sq-class. Similarly, the Sl-class represents a transition region between the L-, S-, and Sa-classes.
The C-Complex
Based on his analysis of the ECAS colors, Tholen (1984) defined four classes to describe those asteroids whose spectra are generally flat and featureless longward of 0.4 µm, and which can have sharp ultraviolet drop-offs in reflectance shortward of 0.4 µm. These classes, denoted by the letters B, C, F, and G, are often referred to as subclasses of a larger C-class or "C-group," reflecting the fact that the spectral differences separating these classes are relatively small. The spectral properties exhibited by asteroids in our C-complex are similar to those of the C-group asteroids described by Tholen. In spectral component space, the C-complex is not centrally condensed, but rather a bifurcated cloud with two broad, relatively distinct concentrations of points that are best separated in the spectral component plane described by PC3 and PC2 , as seen in Fig. 9 . This bifurcation results from two populations within the C-complex that are differentiated based on the presence or absence of a broad absorption feature, centered near 0.7 µm. In addition to the 0.7-µm feature, the component plane in Fig. 9 is sensitive to the strength of the UV absorption shortward of 0.55 µm. The order in which the C-complex was divided into taxonomic classes was based on the dominance of these two spectral features in component space. Spectra containing a deep UV absorption feature were classified first, followed by objects whose spectra include a 0.7-µm band. Finally, those spectra with shallow to nonexistent UV features were subdivided, based primarily on their spectral slope.
In separating his G-class asteroids from the B-and C-types, Tholen had the advantage of colors derived from the ECAS s-, as seen in the spectra of both 3 Juno and 2956 Yeomans (c). The spectra of both 3 Juno and 169 Zelia contain 1-µm bands that show moderate concave-up curvature (d), differentiating these Sk-and Sl-class asteroids from the K-and L-classes, respectively. A subtle inflection in the UV slope of 33 Polyhymnia is centered near 0.63 µm (e). This feature has been previously recognized as the combination of two absorption bands, centered at roughly 0.60 and 0.67 µm (Hiroi et al. 1996) .
FIG. 9.
Plot of the spectral components PC2 and PC3 for asteroids in the C-complex. For clarity, those asteroids classified as "C"-types (with no subscript) are shown as dots. Arrows indicate distinct spectral trends that are represented in this component plane. Most notably, asteroids whose spectra contain a broad 0.7-µm feature (classified as Ch-and Cgh-types) cluster in the upper-left half of this plot. The C-types (dots) do not show this absorption feature, and asteroids plotting in the lower-right part of this distribution actually contain a slight convex curvature in the middle of their spectrum. On the lefthand side of the plot, spectra tend to have a deep UV absorption shortward of 0.55 µm (objects classified as Cg and Cgh), while spectra that are essentially linear (featureless) plot to the upper right. Asteroids located in the middle of this distribution will have spectra containing a moderate UV absorption shortward of 0.55 µm, but which are approximately linear over the interval from 0.55 to 0.92 µm. Because both the UV and 0.7-µm absorption features dominate the variance represented in this plane, the Cg-, Ch-, and Cgh-classes separate well. However, the spectral classes that do not include these absorption features, but rather are defined based primarily on the average spectral slope (the C-, B-, and Cb-types), do not separate out well in this plane.
u-, and b-bandpasses (with band centers of 0.34, 0.36, and 0.44 µm, respectively) to determine the strength of the UV absorption. Much of this wavelength interval is not sampled in the SMASSII spectra and therefore cannot be used to characterize the UV feature to the same extent as was possible from the ECAS observations. However, in the SMASSII spectra, the subtle curvature associated with this UV absorption is found to begin just shortward of 0.55 µm, so that over the interval from 0.44 to 0.55 µm, a diagnostic portion of the feature is measured, as demonstrated in Fig. 10 . The spectral component plane in Fig. 9 was used as a guide in defining a boundary between those C-type asteroids with moderate UV features, and those with deep features. To denote those asteroids with deep UV features, the letter "g" is appended to the class label of "C," thus maintaining a level of consistency with the Tholen G-class.
In Fig. 9 , those asteroids that plot in the upper center and to the left have spectra containing the 0.7-µm absorption feature. This feature, first reported by Vilas and Gaffey (1989) , has been identified in the spectra of many low-albedo asteroids (Sawyer 1991 , Vilas et al. 1993 , and others). This absorption is thought to be due to the presence of oxidized iron in phyllosilicates, C-type asteroids, such as 1 Ceres, have spectra containing a weak to moderately strong UV absorption shortward of 0.55 µm (a). The UV absorption in the spectrum of 175 Andromache is considerably stronger (b), accounting for its classification as a Cg-type. The Ch-type spectrum of 19 Fortuna contains both a moderate UV absorption, and a broad, fairly shallow absorption centered near 0.7 µm (c). This 0.7-µm feature has been well documented by Vilas and Gaffey (1989) , Sawyer (1991) , Vilas et al. (1993) , and others. The Cgh-type asteroid 706 Hirundo has a spectrum in which both the UV absorption (b) and 0.7-µm feature (c) are particularly strong.
FIG. 11.
Plot of the spectral components PC3 and Slope, showing only the C-, B-, and Cb-classes. For clarity, those asteroids classified as "C"-types (with no subscript) are shown as dots. The B-and Cb-type spectra are roughly linear (featureless), with the classes being divided primarily on spectral slope. The Btype spectra tend to be the most linear, while the Cb-type spectra can show some subtle curvature due to the UV absorption shortward of 0.55 µm. The allowance for spectral curvature among the Cb-types, due to the UV absorption, is the reason the boundary separating the B-and Cb-classes is not sharply defined at a Slope value of 0.0. The C-types exhibit a slight to moderate UV absorption, as indicated by the arrow at the lower right.
formed through aqueous alteration processes (Vilas and Gaffey 1989) . Following the suggestion of Burbine and Bell (1993) , the letter "h" has been appended to the label "C" to identify those asteroids whose spectra contain the 0.7-µm feature. Fifteen of the asteroids observed during SMASSII have spectra containing both the 0.7-µm band and a deep UV absorption and are assigned the designation "Cgh."
Once the Cg-, Ch-, and Cgh-types had been identified, they were removed from further steps in the classification process. The spectra of those objects remaining in the C-complex have UV absorption features that range from moderately deep to nonexistent and have overall slopes varying from moderately bluish to slightly reddish. These characteristics fall within the ranges defined by Tholen for the B-, C-, and F-classes, though as before, the limited wavelength interval over which the UV feature is sampled in the SMASSII spectra makes it difficult to apply Tholen's definitions directly to these data. In particular, when comparing the SMASSII spectra of objects previously classified by Tholen as either B-or F-types, we find these two classes to be indistinguishable. Even so, the region of component space occupied by the remaining C-complex asteroids is not small, especially when replotted in the plane defined by PC3 and Slope, as seen in Fig. 11 .
Based on the range of spectral slopes and the presence or absence of a weak to moderate UV absorption feature, the remaining asteroids plotted in Fig. 11 were divided into three classes: the B-, C-, and Cb-types. The B-class is reserved for those asteroids whose spectra are linear, showing little or no evidence of curvature related to the UV absorption, and for whom the Slope component has a value less than zero. Those asteroids with spectra having well-defined UV features, ranging in depth from shallow to moderate, and for which the middle of the spectrum (the interval from roughly 0.6 to 0.8 µm) varies from being flat to having a very slight concave-down curvature, are assigned to the C-class. Based on these definitions, the B-and C-classes are spectrally distinct, leaving a gap that is occupied by asteroids with intermediate spectral shapes. To characterize these intermediate objects, the Cb-class was created. Asteroids classified as Cb-types have Slope values ranging from −0.1 to 0.1 and have UV features ranging from very shallow (for those objects with Slope values approaching −0.1) to nonexistent, thus including those spectra that are linear, but which have Slope values slightly greater than zero.
The X-Complex
Before the introduction of CCD spectroscopy, the visiblewavelength spectra of X-type asteroids were generally described as featureless (linear), with slopes that range from slightly to moderately red in color. The SMASSII observations reveal that the spectra of asteroids in the X-complex are not uniformly featureless. Instead, we identify a set of subtle spectral characteristics that seem to be uniquely associated with this complex. The shapes and locations of these features can be accurately described, and to some extent, can be correlated with trends that are observed in spectral component space, as seen in Fig. 12 . The presence (or absence) of two particular features,
FIG. 12.
Plot of the spectral components PC2 and Slope for asteroids in the X-complex. For clarity, those asteroids classified as "X"-types (with no subscript) are shown as dots. Due to the subtle nature of the features observed in these spectra, the boundaries separating the spectral classes are not well defined in this spectral component space. A fairly clear division is seen between the Xc-and Xk-classes based on the average slope (Slope ∼0.26), but no clear boundaries exist for the X-types or Xe-types. Arrows show the general trend for increasing (or decreasing) spectral curvature that defines the difference between the X-types and the Xc-and Xk-types.
FIG. 13.
Examples of spectra contained in the X-, Xc-, Xk-, and Xe-classes, presented in the same format as Fig. 3 . Spectra are plotted for two members of the X-class, 55 Pandora, and 678 Fredegundis. These spectra are generally featureless and have a slight to moderate reddish slope. The spectrum of Fredegundis does contain a weak feature centered near 0.9 µm (a), similar to that seen in the spectra of many X-class asteroids. The spectra of 247 Eukrate and 250 Bettina are plotted to represent the Xc-and Xk-classes, respectively. Both of these spectra contain a shallow UV slope (b), while longward of 0.8 µm, the spectral slope is flat to slightly negative (c). As seen in the mean spectra for these two classes (plotted in the right-hand column), the transition in slope over the interval from 0.6 to 0.8 µm usually occurs very gradually. The spectra of two asteroids, 64 Angelina and 434 Hungaria, are plotted to show the unusual features used in defining the Xe-class. Angelina provides the prototype spectrum for this class, an absorption band centered near 0.49 µm, and a broad concavedown curvature, extending from roughly 0.55 to 0.8 µm, provides the basis for dividing this complex into four spectral classes.
We have defined the first of these four classes to include those asteroids whose spectra contain a moderately broad absorption band centered near 0.49 µm. As discussed in Bus and Binzel (2002) , this band was first recognized as a prominent feature in the spectrum of asteroid 64 Angelina. Among the nearEarth asteroids, the spectrum of 3103 Eger also contains a deep 0.49-µm feature, second in strength only to that observed in the Angelina spectrum (Binzel et al. 2002, in preparation) . The 0.49-µm band has been subsequently identified, though at much weaker levels, in the spectra of 27 other SMASSII asteroids. In addition to the 0.49-µm band, several spectra with sufficiently high signal-to-noise ratio contain a second, much weaker absorption band, centered near 0.6 µm. Finally, a deflection in the spectral slope occurs near 0.72 µm, where the slope longward of this point becomes less steep. These three features are labeled on the spectrum of 64 Angelina, plotted in Fig. 13 . Burbine et al. (1998) have suggested that these features arise from the presence of troilite (FeS). Of the 29 asteroids whose spectra contain the 0.49-µm band, 14 had been previously classified by Tholen, with the largest fraction (five objects) being assigned to the E-class based on their high albedos. For this reason, these 29 asteroids have been assigned to a spectral class labeled "Xe."
The other characteristic used in dividing the X-complex is a broad, convex curvature that extends over the wavelength interval from roughly 0.55 to 0.8 µm. Once the Xe-class asteroids had been identified and removed from further consideration, nearly half of the remaining X-complex asteroids were found to exhibit this spectral curvature. These asteroids tend to fill a gap in the spectral continuum between the C-types and the K-and T-type asteroids. Because of the wide range in average spectral slopes among these asteroids, two classes were formed, the Xc-and the Xk-types, with the division between these classes occurring at a Slope value of 0.26.
The fourth taxonomic class contains all remaining members of the X-complex. The spectra of these asteroids are generally linear in form, except for minor absorption features that can be present at either end of the SMASSII spectral range. Because the reflectance spectra of these asteroids most closely match the traditional definition of the "X-class" (including the E-, M-, and P-types defined in previous taxonomies), the label "X" is with the most prominent feature being a deep absorption band centered near 0.49 µm (d). Other features include a much shallower absorption centered near 0.6 µm (e) and a decrease in spectral slope longward of 0.75 µm (f). Because inclusion in the Xe-class hinges primarily on the presence of the 0.49-µm band, and to a lesser degree, the downward deflection in spectral slope longward of 0.75 µm, a wide range in overall spectral slope is allowed among the Xe-class members. This dispersion in spectral slope is apparent in the size of the 1-σ envelope plotted with the mean Xe-class spectrum in the right-hand column.
used to designate this spectral class in our feature-based taxonomy. The spectra of two X-class asteroids are described in Fig. 13 . Figure 12 shows the distribution of all X-complex asteroids in the spectral component plane defined by PC2 and Slope. A general trend is apparent, with those asteroids in the Xclass (objects with spectra that are relatively featureless) plotting in the upper-left portion of this distribution, while those asteroids whose spectra exhibit more curvature (the Xc-and Xk-types) plot lower in the distribution. However, the separation of these two spectral forms is not distinct in this lower order component plane. Asteroids belonging to the Xe-class, which exhibit unique, but usually weak spectral characteristics, seem to plot almost anywhere within this distribution. The only classes that are fully separated in this plane are the Xc-and Xk-classes, which are distinguished based on spectral slope.
In an attempt to more quantitatively isolate some of the subtle features present in the blue (lower wavelength) half of the SMASSII spectra, a separate set of principal components were calculated using only the wavelength interval from 0.44 to 0.68 µm. Unlike our original calculation of spectral components described in Bus and Binzel (2002) , the average slopes of the spectra over this wavelength interval were not fit or removed prior to applying PCA. The components resulting from this secondary analysis are denoted by the subscript (blue). In Fig. 14, all members of the X-complex have been replotted in the secondary component plane defined by PC3 (blue) and PC2 (blue) . In this component plane, the spectral characteristics defining the Xe-class, particularly the 0.49-µm band, can be more clearly isolated.
FIG. 14.
Plot of the secondary spectral components PC2 (blue) and PC3 (blue) for all asteroids in the X-complex. For clarity, all objects are plotted as dots, except for members of the Xe-class. The high-order component (PC3 (blue) ) is relatively efficient at separating the Xe-class asteroids from the rest of the X-complex objects.
FIG. 15.
Key showing all 26 SMASSII taxonomic classes. The average spectra are plotted with constant horizontal and vertical scaling and are arranged in a way that approximates the relative position of each class in the primary spectral component plane defined by PC2 and Slope. Thus, the depth of the 1-µm band generally increases from top to bottom, and average spectral slope increases from left to right. Due to the spectral complexity of the C-and Xcomplexes, the locations of some of these classes do not strictly follow the pattern. The horizontal lines to which each spectrum is referenced represents a normalized reflectance of 1.00.
Summary of the SMASSII Taxonomy
A summary of this new feature-based asteroid taxonomy is shown in Fig. 15 . This key provides a visual comparison of the 26 spectral classes and emphasizes the continuous relationship between adjacent classes, demonstrating how the major spectral features (in particular, the average spectral slope and the 1-µm band) vary across this continuum. However, this figure alone does not provide any specific rules by which a new asteroid might be classified and is meant only as a quick reference to this taxonomy.
A more thorough summary of this taxonomy is provided in Tables II and III. The descriptions listed in Table II are qualitative in nature, highlighting those features or characteristics in each spectral class that are considered diagnostic. Also listed in this table are the permanent numbers for three asteroids, observed during the SMASSII survey, which are representative examples of each spectral class. Listed in Table III are the high and low values, the mean, and the standard deviation for nine spectral channels, derived from all of the SMASSII asteroids contained in each spectral class. When combined, the information given in Tables II and III , along with the graphical representations of the mean spectra shown in Figs. 3, 4 , 6-8, 10, and 13, provides a foundation for applying this taxonomy in the classification of newly observed asteroids. 
3628, 4341, 5143
Q Moderately steep UV slope shortward of 0.7 µm, and a deep, rounded 1-µm absorption band that reaches a minimum reflectance level of about 0.9. Reflectance maximum is relatively broad, with an average peak value of about 1.12.
1862, 2102, 5660 R Very steep UV slope shortward of 0.7 µm, and a deep absorption feature longward of 0.75 µm. The shape of the spectrum, near maximum reflectance, is more sharply peaked than is typical for S-type spectra and is somewhat skewed due to the strength of the 1-µm absorption band that reaches a minimum at roughly 0.9 µm with a relative reflectance level of 0.9. An additional small absorption feature can be seen centered near 0.52 µm.
349, 1904, 5111
S Moderately steep UV slope shortward of 0.7 µm and a moderate to deep absorption band longward of 0.75 µm. Average S-type spectrum has a peak reflectance of about 1.2 at 0.73 µm. The spectral slope is almost always slightly steeper over the wavelength interval from 0.44 to 0.55 µm than it is from 0.55 to 0.7 µm, and often there is a broad, but shallow absorption feature centered near 0.63 µm.
5, 7, 20
Sa Spectrum intermediate between S-and A-types. Very steep UV slope shortward of 0.7 µm. The reflectance peak is typically broader than it is in A-type spectrum.
63, 244, 625
Sk Intermediate between S-and K-type spectra. Absorption feature longward of 0.75 µm shows moderate concave-up curvature, as compared to the K-types, where the spectrum over this interval tends to be approximately linear. Compared with other S-types, the 0.63-µm feature can be strong.
3, 11, 43
Sl Intermediate between S-and L-type spectra. Absorption feature longward of 0.75 µm is shallow to moderately deep, as compared to L-types, where this spectral interval is essentially flat.
151, 192, 354
Sq Spectrum intermediate between S-and Q-types. Compared with other S-types, these spectra can contain a relatively strong 0.63-µm feature.
33, 720, 1483
Sr Intermediate between S-and R-type spectra. Very steep UV slope shortward of 0.7 µm and a deep absorption feature longward of 0.75 µm. Reflectance peak is broader and more symmetric in shape than it is in R-type spectra. Bus (1999) provides a somewhat more rigorous method for applying this taxonomy. A decision tree (in the form of a flow chart) was developed that presents a series of questions, each requiring a binary response of either "yes" or "no." The structure of this decision tree follows a thought process that begins by asking if the most prominent spectral feature, the 1-µm silicate absorption band, is present. Subsequent steps are then included to determine if less prominent features or characteristics are present in the spectrum, until a unique classification is established. Many of the questions posed in this decision tree are subjective in nature. Because of the continuum that exists between spectral classes, deciding if a particular feature is present or absent can be difficult. While this decision tree is cumbersome, its real value is that it serves as a record of the steps that were followed during the original derivation of this taxonomy.
The procedures described in the preceding sections resulted in taxonomic labels being assigned to 1443 of the total 1447 asteroids measured during the SMASSII survey. These class assignments are listed in Appendix A. The four unclassified near-Earth asteroids have spectral characteristics (UV slopes and 1-µm band depths) that fall well outside of the nominal range of spectral properties considered in this study. To have spectral outliers such as these comes as no surprise, especially among the smallest objects observable, the near-Earth asteroids. Due to their small sizes, these objects are thought to have younger, less-altered surfaces and may have bulk compositions containing more distinct (less mixing of varied) mineralogical units than their larger, main-belt relatives (a larger asteroid may be more likely to have multiple mineralogical units exposed on its surface). Outliers to this taxonomy may also be expected among the more distant asteroids and Kuiper belt objects. A stunning example of this is the Centaur 5145 Pholus. Classified as a Z-type by Mueller et al. (1992) , Pholus is among the reddest objects in the Solar System, plotting far off the right-hand edge of the spectral component region shown in Fig. 2 , with a Slope value of approximately 4. It is hoped that, over time, the taxonomy presented here will be expanded to include these outliers and others yet to be discovered.
The approach used throughout the development of this taxonomy was to uniquely assign each asteroid to one of the 26 spectral classes. Despite the fact that the spectral characteristics used in defining these classes vary continuously across class boundaries, there was no attempt to assign multiple-class designations to those objects lying near boundaries. As this taxonomy evolves, as we hope it will, and more automated and objective ways of applying it are developed (e.g., through the use of expert systems or artificial neural networks), objects may eventually be given multiple-class designations to better represent their location with respect to class boundaries. With this, a more quantitative approach can be formulated for assessing the confidence (or uncertainties) associated with the classification of any object.
DISCUSSION
With the development of this feature-based asteroid taxonomy, we are providing the field with a new tool for the characterization of asteroid spectra that takes fuller advantage of the sensitivity and spectral resolution now obtainable with CCD spectrographs. However, the development of a taxonomy necessarily requires a number of subjective choices, as described in previous sections and in depth by Bus (1999) . Here we expand on some of those choices and discuss some initial science results derived from the taxonomic classification of the SMASSII data set. As a substantial portion of the SMASSII observations were directed at asteroid families, a thorough analysis of the families is warranted and will be presented in a future paper.
Albedo
Even though albedo was used in the first taxonomic categorization of asteroids (e.g., Zellner 1973 , Morrison 1974 ) and plays a role for distinguishing some of the classes within the Tholen (1984) taxonomy, albedo is not utilized in the development of this new feature-based taxonomy. The primary reason for this is one of practicality as there is currently a lack of albedo information for the majority of the asteroids sampled in SMASSII.
The relationship between IRAS albedos (from IMPS final product files 102 and 103, Tedesco et al. 1992) for 658 SMASSII asteroids and PC2 (the strength of the 1-µm absorption feature) is shown in Fig. 16 . The bimodal nature of albedos is clearly seen with a pronounced separation between the C-and S-complexes.
FIG. 16.
A log-linear plot showing the relationship between IRAS albedo and the magnitude of spectral features (primarily the depth of the 1-µm band) as described by PC2 for 658 SMASSII asteroids. The bimodal distribution of albedos is clearly seen in the separation of asteroids belonging to the C-and S-complexes. Also evident is the highly diverse range of albedos for asteroids belonging to the X-complex.
Within the S-complex there is an apparent relationship between the albedo and depth of the 1-µm silicate absorption band. The K-and L-type asteroids have 1-µm bands that are essentially nonexistent, and as a result, have the highest values of PC2 . On average, these asteroids also have the lowest IRAS albedos. By comparison, asteroids belonging to the A-and R-classes have the deepest 1-µm bands and, on average, have the highest albedos. The X-complex shows the widest range of albedos, even among objects that have the same spectral features and hence fall into the same taxonomic class. Thus the X-complex illustrates the incongruous mix between feature-based and albedo-based taxonomies. Our conclusion is that albedo is best considered as a separate quantitative parameter that can be analyzed in conjunction with spectral class.
Comparison with Tholen Taxonomy
As stated at the outset, one of the goals of this new taxonomy is to build upon previous work, most notably that of Tholen (1984) . Table IV provides a comparison between the SMASSII spectral classes and the taxonomic designations assigned by Tholen (1989) for 462 asteroids that are in common between both the SMASSII and ECAS surveys. For each spectral class, the full distribution of Tholen designations is listed, with the number of objects assigned to each designation given in parentheses. Examination of this table reveals trends that, for the most part, should be expected given the continuous nature by which spectral properties vary, and the strategies used in defining the two taxonomies. In the Tholen system, asteroids are more likely to be assigned multiple designations when the classes involved are small, and in close proximity in spectral space. This is clear in the distribution of Tholen classes assigned to asteroids contained in our C-complex, particularly the B-, C-, and Ch-classes, where the number of objects classified in both taxonomies is greatest. In the X-complex, there is similarly a large dispersion of Tholen classes that is compounded by the inclusion of the E-, M-, and P-classes, defined by Tholen based on albedo. In contrast, asteroids belonging to the S-complex (the A-, K-, L-, Q-, R-, S-, Sa-, Sk-, Sl-, Sq-, and Sr-classes) compare very consistently with the Tholen classifications with relatively few multiple, or discrepant designations due to the large size (and corresponding spectral diversity) of Tholen's S-class.
Previous Classifications of the S-Types
Our description of six separate classes (the S-, Sa-, Sk-, Sl-, Sq-, and Sr-classes) within the core of the S-complex is not the first subdivision of the S-class to be proposed. Due to the large spectral diversity among the S-types, there have been several previous attempts to identify subclasses within this group (e.g., Chapman and Gaffey 1979 , Barucci et al. 1987 , Chapman 1987 , unpublished manuscript, Gaffey et al. 1993 , Howell et al. 1994 . Often these subdivisions were based on mineralogical considerations that are justified by the presence of silicate absorption (3) CX (3) XC (3) BU (1) CP (1) CPF (1) CU (1) DCX (1) FC (1) GC (1) PD (1) S (1) SCTU (1) STU (1) X (1) (1) bands in the S-type spectrum. While only one of the two primary silicate absorption features (the 1-µm band) is partially sampled in the SMASSII spectra, and even though our approach in subdividing the core of the S-complex was strictly analytical, there may be trends resulting from our analysis of the SMASSII data that have some mineralogical significance. We have shown that it is possible to differentiate the A-, K-, L-, Q-, and R-types (with their inferred mineralogies, ranging from the olivine-rich A-types to the more pyroxene-rich Q-types, Gaffey et al. 1989) within the spectral component plane defined by PC2 and Slope (Fig. 5 ). It may therefore be possible to extend the spectral trends of these endmember classes into the core of the S-complex and separate those S-type asteroids whose compositions are more "olivine-rich" from those that are more "pyroxene-rich." To test this hypothesis, we compare the SMASSII results with previous classifications of S-types provided by Chapman (1987, unpublished manuscript) , Gaffey et al. (1993), and Howell et al. (1994) . The analysis of Chapman (1987, unpublished manuscript) involved the combination of several different data sets, including broad band UBV colors, 24-color spectrophotometry (Chapman and Gaffey 1979) , ECAS colors (Zellner et al. 1985) , and IRAS albedos (Tedesco et al. 1992) . Using the spectral parameters of BEND, DEPTH, and IR (Chapman and Gaffey 1979) , together with albedo, Chapman classified the S-type asteroids as being either silicate-rich or silicate-poor (rich in metal or opaques). Those S-types considered to be silicate-rich were further classified as being either olivine-rich or pyroxene-rich. In frame A of Fig. 17 , the spectral components PC2 and Slope have been plotted for 57 SMASSII asteroids that had been previously identified as olivine-or pyroxene-rich S-types by Chapman. This plot shows the olivine-rich ("o") and pyroxene-rich ("p") objects to be well mixed in component space, with olivine-rich objects being slightly more dominant in the lower-right corner of this spectral component plane.
The analysis of S-type asteroids by Gaffey et al. (1993) used the combined spectrophotometric data from ECAS, the 24-color survey, and the 52-color survey , providing spectral coverage over the wavelength interval from 0.32 to 2.5 µm. Using the positions of the 1-and 2-µm band centers, the 1-µm band depth, and the ratio of areas between the 2-and 1-µm bands, Gaffey et al. estimated the olivine-to-pyroxene abundance ratios, as well as determined the Ca 2+ and Fe 2+ content of the pyroxenes (differentiating the clinopyroxenes and orthopyroxenes) for 39 S-type asteroids. Based on this work, these S-type asteroids were divided into seven classes, ranging from the olivine-rich S(I) class to the most orthopyroxene-rich S(VII) class. Frame B of Fig. 17 contains the spectral component plot for 24 SMASSII asteroids classified by Gaffey et al. (1993) . For clarity, not all seven of the Gaffey subclasses are represented in this figure. We have included those objects classified by Gaffey et al. as being particularly olivine-rich ("o," representing the S(I)-and S(II)-classes) and orthopyroxene-rich ("p," representing the S(VI)-and S(VII)-classes). Objects belonging to the S(IV)-class, whose spectra are indicative of olivinepyroxene mixtures, have also been included (plotted using the symbol "+") since this class has received much attention for being spectrally analogous to the ordinary chondrite meteorites. This plot shows a tendency for the orthopyroxene-rich asteroids to be concentrated on the left-hand side of the distribution, while the olivine-rich objects tend to concentrate on the righthand side. Howell et al. (1994) used an artificial neural network to analyze the combined ECAS and 52-color data sets. In their analysis, Howell et al. found two endmember subclasses among the S-type asteroids that were interpreted as being compositionally distinct: the olivine-rich "So"-class and the
FIG. 17.
Comparison of previous classifications of S-types. In frame A, asteroids that were classified by Chapman (1987, unpublished manuscript) , and which were observed during SMASSII, are plotted by their first two spectral components (Slope and PC2 ). Only those objects for which Chapman used the "p" (pyroxene) or "o" (olivine) discriminators are shown. Similarly, in frame B, asteroids classified by Gaffey et al. (1993) are shown. For clarity, not all seven of the Gaffey et al. subclasses are shown. Objects classified as types S(I) or S(II) (olivine-rich) are shown with the label "o," while objects in classes S(VI) or S(VII) (orthopyroxene-rich) are plotted with the label "p." Members of the intermediate class, S(IV) have also been included using the symbol "+." In frame C, those S-types classified by Howell et al. (1994) in the subclass Sp (pyroxene-rich) are plotted as "p," while So-types (olivine-rich) are plotted with the label "o." pyroxene-rich "Sp"-class. In frame C of Fig. 17 , the spectral components PC2 and Slope are plotted for 33 asteroids observed during SMASSII that had been at least partially classified as So-or Sp-types in the Howell taxonomy. Similar to the results derived from the Gaffey et al. classifications shown in frame B, this plot shows a definite tendency for pyroxenerich objects to be concentrated in the left half of the distribution, while the olivine-rich objects tend to plot on the right-hand side.
The increased spectral coverage available to Gaffey et al. and Howell et al. with the addition of the 52-color data may partially explain the better agreement of their results with our spectral component analysis as seen in frames B and C of Fig. 17 . These plots suggest that there is some correlation between the spectral slope and mineralogy. Those objects classified as being pyroxene-rich tend to cluster toward lower values of the spectral component Slope, while the more olivinerich objects plot at higher values of Slope. Even though there is overlap between the olivine-rich and pyroxene-rich objects near the middle of the S-complex, it appears that spectral slope can be used to estimate the mineralogy for some S-type asteroids. In particular, we suggest that asteroids in the Sk-and Sq-classes are more likely to be pyroxene-rich, while asteroids in the Sa-and Sl-classes are more likely to be olivinerich.
Hydrated C-Type Asteroids
Over the past two decades, there has been growing interest in determining the hydration state of asteroids by looking for the presence of hydrated minerals on their surfaces (Lebofsky 1978 , Feierberg et al. 1981 , Jones et al. 1990 . In particular, a series of absorption features, centered around 3 µm, has been observed in the reflectance spectra of many asteroids and is interpreted as resulting from the presence of both structural OH ions and interlayer H 2 O molecules in hydrated silicates. An investigation by Jones et al. (1990) showed that among low-albedo asteroids the hydration state of these objects, as determined from the 3-µm feature, is related to heliocentric distance. Asteroids in the middle of the main belt are more likely to have spectral signatures of hydration than inner and outer main-belt objects. Due to the difficult nature of observations at 3 µm, including lower flux levels and the strong presence of telluric absorption bands, measurements of the 3-µm band can be challenging. Because of this, Merenyi et al. (1997) investigated whether the hydration state of asteroids could be predicted based on spectral features shortward of 3 µm, using artificial neural network techniques. In the case of C-type asteroids, Vilas (1994) found a strong correlation between the presence of a 3-µm hydration band and the presence of the 0.7-µm phyllosilicate band, affirming the idea that the 0.7-µm band results from aqueous alteration processes.
In Fig. 18 , the position of 26 SMASSII asteroids are plotted in the component plane defined by PC2 and PC3 , where these as-
FIG. 18.
The spectral component plane defined by PC2 and PC3 , plotted with the same limits as used in Fig. 9 . Twenty-eight SMASSII asteroids are plotted for which a hydration state has been determined, based on observations of the 3-µm band associated with water of hydration. Objects are labeled as "W" (wet) or "D" (dry), as listed in Table I of Merenyi et al. (1997) . The tendency for hydrated objects (wet) to plot toward the upper left of this plot, while dry objects tend to plot to the lower right appears to be correlated with increased strengths of both the UV absorption shortward of 0.55 µm and the 0.7-µm feature.
teroids have been labeled as either "W"(wet) or "D"(dry), based on the compilation in Table I of Merenyi et al. (1997) . While the separation between wet and dry asteroids is not perfect, the tendency for wet objects to plot in the upper-left portion of this plane, while dry objects cluster toward the lower-right half, is significant. This plot confirms the correlation found by Vilas (1994) , with 10 out of the 11 SMASSII asteroids classified as Ch-or Cgh-types being designated as wet, based on 3-µm band observations. The fact that some objects not classified as Chor Cgh-types are also "wet" based on 3-µm observations indicates that this correlation is not perfect. Thus, we should not conclude, based on the absence of a 0.7-µm feature, that an object is "dry."
Distribution over Heliocentric Distances
One of the fundamental insights into the compositional structure of the asteroid belt is the distribution of asteroid types as a function of heliocentric distance, as illustrated by Gradie and Tedesco (1982) . Examining the SMASSII data set for these trends requires that the data set be bias corrected to account for the uneven sampling throughout the asteroid zone and for effects due to differences in albedo (darker asteroids are fainter and less easily observed.) To illustrate the results for the SMASSII data set, we use the bias correction method described by Bus (1999) , which follows the general approach used by Chapman et al. (1975) and later adopted by Zellner (1979) and Chapman (1987, unpublished manuscript) . This method uses the entire set FIG. 19 . Bias-corrected heliocentric distribution for asteroids with diameters ≥20 km for each of the spectral complexes. These results are fully consistent with the original findings of Gradie and Tedesco (1982) , but show more detailed structure owing to the larger sample size provided by the SMASSII survey.
of numbered asteroids as the foundation for estimating the true population and distribution of objects in the main belt. The belt is divided into zones of semimajor axis, and each zone is divided into bins of absolute magnitude. The bias correction factor for a particular zone and magnitude bin is calculated as the ratio of the total number of asteroids in that bin to the number of classified asteroids in the bin. For SMASSII, our analysis of the population is confined to the region of the asteroid belt between 2.10 and 3.278 AU and includes only asteroids with diameters ≥20 km, as estimated using the mean IRAS albedos for each spectral class.
Our analysis based on the larger SMASSII sample size confirms the basic results of Gradie and Tedesco (1982) but reveals finer detailed structure in the distribution of asteroid classes as shown in Fig. 19 . These smoothed curves contain secondary peaks in the distributions of objects belonging to the Cand S-complexes. The curve representing the C-complex contains a secondary peak at ∼2.6 AU, closely corresponding to a plateau in the individually plotted points (not the fitted curve) for C-types shown in Fig. 1 of Gradie et al. (1989) . Similarly, a secondary peak in the curve for the S-complex, located at ∼2.85 AU, corresponds to a feature in the bias-corrected distribution of S-type asteroids calculated by Chapman (1987, unpublished manuscript) , and shown in Fig. 3 of Gradie et al. (1989) .
CONCLUSIONS
Advances in observational techniques have prompted a continual progression in the development of asteroid taxonomy. The availability of a large data set consisting of 1447 visiblewavelength CCD spectra, coupled with the widespread application of CCD spectroscopy to asteroid research, provides a new milestone in this progression. A new asteroid taxonomy that utilizes the richness of information contained in CCD spectra is now available. Most importantly, this new classification system builds upon current, well-established conventions in asteroid taxonomy and thereby represents an evolutionary step, not a radical departure from past efforts. We present detailed descriptions and quantitative characterizations for 26 spectral classes so that this feature-based taxonomy might be easily applied to new data.
Preliminary results indicate that the spectral component plane defined by PC2 and Slope reveals a trend by which some S-type asteroids might be distinguished, based only on their visiblewavelength spectra, as being either olivine-rich or pyroxenerich. This result helps to affirm the existence of a spectral continuum across the S-complex, where classes around the perimeter (such as the pyroxene-rich Q-types and olivine-rich A-types) represent spectral end members. Within the plane defined by PC2 and PC3 , those asteroids in the C-complex having confirmed 3-µm water of hydration bands are generally separable from those that do not. To a large extent, this separation between hydrated and nonhydrated C-types relies on the presence or absence of a 0.7-µm phyllosilicate band, an indicator of aqueous alteration previously recognized by Vilas (1994) . Among the X-type asteroids, a number of subtle but irrefutable spectral features have been recognized that allow these objects to be subdivided into smaller spectral classes. This step may help set the stage, along with other physical studies of X-type asteroids, for finally unraveling the enigmatic nature of this spectral class.
The SMASSII survey has produced the largest internally consistent set of asteroid spectra currently available. We hope that the taxonomy described here, along with the classifications for 1443 asteroids based on this new taxonomic scheme, will provide a new foundation that will contribute to further progress in the field of asteroid science.
APPENDIX A

Taxonomic Classifications for the SMASSII Asteroids
Taxonomic classifications are presented for 1443 of the total 1447 asteroids observed during the second phase of the Small Main-belt Asteroid Spectroscopic Survey. The first column gives the asteroid number and name (or provisional designation). When available, the second column contains the classification from Tholen (1989) . Classifications based on the Tholen system that were made during the SMASSI survey (Xu et al. 1995) are denoted by ( ). Classifications based on this feature-based taxonomy are listed in the third column. 
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